Colorectal cancer (CRC) is one of the most common malignant tumors in both Western and Eastern countries^[@bib1]^ and is typically classified as proximal colon, distal colon, and rectal cancer. The incidence as well as tumor genetic and epigenetic features of CRC differ by tumor location.^[@bib2]^ In Chinese populations, rectal cancer is the most common malignant tumor of the lower digestive tract and represents \>60% of tumors at all subsites of CRCs.^[@bib3]^ With improving surgical techniques and drug therapy, the 5-year survival rate of patients with rectal cancers has increased during the past decade.^[@bib4]^ However, tumor recurrence and metastasis, which develop after resection, are virtually inevitable and are a major cause of death in rectal cancer patients.

Increasing evidence suggests that therapeutic resistance is mediated by cancer-initiating cells (CICs), which are a small subset of cancer cells that may be responsible for cancer initiation, development, and relapse.^[@bib5],\ [@bib6],\ [@bib7]^ Putative CIC populations have been identified in several types of solid tumors, such as brain,^[@bib8]^ breast cancer,^[@bib9]^ melanoma,^[@bib10]^ pancreatic adenocarcinoma,^[@bib11]^ lung cancer,^[@bib12]^ gastric adenocarcinoma,^[@bib13]^ and colon cancer.^[@bib6],\ [@bib14],\ [@bib15]^ Recently used and prominent techniques based on the expression of specific markers and functional stem cell-like properties, including high clonogenicity, differentiation capacity, spheroid formation, and the ability to reproduce xenograft tumors in immunodeficient mice, are becoming standard assays for CIC identification.

Over the past few years, several surface markers have been identified on colon CICs, such as CD133,^[@bib14],\ [@bib15]^ CD44,^[@bib16],\ [@bib17]^ CD166,^[@bib18]^ and ALDH1.^[@bib19],\ [@bib20]^ Although initial studies identified CD133 as a reliable CIC marker in primary human CRCs,^[@bib6],\ [@bib14]^ subsequent studies have shown that CD133 expression is not only restricted to rare CIC subsets but is also detectable in the majority of metastatic tumor cells and normal intestinal mucosa.^[@bib21]^ Alternatively, the co-expression of CD44, CD166, and EpCAM in tumor cells has been reported to more specifically identify the CIC pool than CD133 expression alone.^[@bib22]^ The role of colon CICs in the establishment and maintenance of metastatic disease has been evaluated in several recent studies.^[@bib7]^ The CIC theory of tumorigenesis and metastasis states that a primary mechanism of treatment resistance in metastatic disease is the resistance of CICs to traditional chemotherapy. Chemotherapy resistance of CICs has been described in a variety of epithelial malignancies, including colon cancer.^[@bib20]^

Taken together, the studies to date indicate that although enrichment and isolation of CICs was shown to be an effective tool to further investigate biological behavior of malignant tumors, the isolation and culture of CICs derived from rectal cancer are rarely reported. O\'Brien *et al.*^[@bib14]^ previously mentioned that one subsite of colon cancer may not be representative of all forms of colon cancers. Furthermore, genetic and epigenetic features of the rectum are distinct from the colon. Therefore, in this study we isolated and identified rectal CICs (R-CICs) for further investigation of the biological properties of CICs in rectal cancer.

Results
=======

The malignancy in rectospheres expanded by culture under serum-free conditions
------------------------------------------------------------------------------

A self-renewal capability is a major property of stem cells, and spheroid formation is a self-renewal index. Culture under serum-free conditions has been used to expand stem-like spheroid cells from several primary solid tumors. Primary cells derived from serum-free culture more accurately mirror the original genotype and tumor morphology of the cells derived directly from endogenous human tumor tissues.^[@bib6],\ [@bib9],\ [@bib15]^ Thus we first enriched the CICs as rectospheres from human primary rectal adenocarcinoma cells that were isolated from samples surgically removed from 30 human patients who had not received neoadjuvant chemoradiotherapy ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Rectal cancer cells were cultured in a serum-free medium (SFM) supplemented with epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF). After 3--4 weeks, a small fraction of tumor cells formed spheres (first rectospheres; [Figure 1a](#fig1){ref-type="fig"}). The SFM was replaced with 20% fetal bovine serum-containing medium (SCM) for the differentiation of spheres.^[@bib15]^ The spherical cells gradually aggregated into clusters of polygonal cells and exhibited the typical epithelial-like cell morphology in culture together with expression of cytokeratin 20 (CK20) when restricted to differentiated cells in intestinal epithelium ([Figures 1a and b](#fig1){ref-type="fig"}). The expression of CDX2, cytokeratin 7 (CK7), and CK20 was detected in both serum cultured and rectosphere cells. The majority of cells within the rectospheres were positive for CDX2 and negative for CK7 and CK20. The serum-induced differentiated cells expressed CDX2 and CK20, but not CK7 ([Figure 1c](#fig1){ref-type="fig"}), which is a typical pattern of rectal cancer cells.^[@bib6],\ [@bib14]^ Moreover, the intestinal stem cell markers, Bmi1 and Lgr5, were positively expressed in the majority of spherical cells but not in serum-cultured cells ([Figure 1d](#fig1){ref-type="fig"}). Incubation of cells in SFM is therefore a useful approach for expanding malignant rectospheres.

To compare the relative malignancy between the expanded rectospheres and differentiated rectal cancer cells, both cell types were injected into immunodeficient mice, and growth was assessed. We found that the rectospheres formed tumor masses 2 weeks post injection, whereas 1 × 10^6^ differentiated primary rectal cancer cells did not give rise to any detectable tumors at 8 weeks post injection ([Figures 1e and f](#fig1){ref-type="fig"}). These results indicate that cells derived from rectospheres possess differentiation potential and stronger tumorigenicity than differentiated cells in mice.

CD44^+^CD54^+^ cells derived from rectospheres exhibit self-renewal capability
------------------------------------------------------------------------------

It is well established that not all cells derived from tumorigenic spheres can initiate tumors in mice.^[@bib6],\ [@bib23]^ The isolation and identification of CICs are based on the expression of specific markers, such as CD44, CD24, CD29, CD133, CD326, and CXCR4, which have all been proposed as effective markers in several types of CICs. In this context, the existence of various potential CIC populations in isolated rectospheres and differentiated cells was evaluated. We found that there were no differences in marker expression in spherical and differentiated cells, with the exception of two adhesion molecules, CD44 and CD54 ([Figure 2a](#fig2){ref-type="fig"} and [Supplementary Figure S1a](#sup1){ref-type="supplementary-material"}). Both proteins were positively expressed in tumor spherical cells ([Figures 2a and b](#fig2){ref-type="fig"} and [Supplementary Figure S1b](#sup1){ref-type="supplementary-material"}) and gradually decreased after tumor spheres were cultured in SCM ([Supplementary Figures S1b and c](#sup1){ref-type="supplementary-material"}).

Malignant cells harbor more stemness traits,^[@bib24]^ and therefore we examined stemness and differentiation markers in rectospheres. We sorted spheroid cells based on expression of CD44/CD54 and then examined stem cell markers among the different cellular subpopulations (CD44^+^CD54^+^, CD44^+^CD54^−^, CD44^−^CD54^+^, CD44^−^CD54^−^) derived from rectospheres. Compared with the expression levels of relative intestinal stemness genes, the levels were significantly higher in CD44^+^CD54^+^ cells, whereas CK20 levels were lower ([Figure 2c](#fig2){ref-type="fig"}). We next investigated the self-renewal capacity of cellular subpopulations based on CD44 and CD54 expression. Double-positive cells had significantly greater self-renewal ability compared with the other subpopulations ([Figure 2d](#fig2){ref-type="fig"}). We then seeded one cell from each subpopulation in individual wells of a 96-well plate and assessed sphere formation after 14 days.^[@bib13]^ CD44^+^CD54^+^ cells were more capable of forming spheres than populations with other surface marker combinations. We were also able to passage the sphere generated from a single CD44^+^CD54^+^ cell several times *in vitro* ([Figures 2d and e](#fig2){ref-type="fig"}), suggesting that rectospheres originated from a CD44^+^CD54^+^ single cell, rather than having developed by mere cell aggregation. Importantly, the other cellular subpopulations were unable to produce any subculturable rectospheres. These results indicate that CD44^+^CD54^+^ cells possess sustained sphere formation and self-renewal abilities in culture.

CD44^+^CD54^+^ cells exhibit potential epithelial--mesenchymal transition (EMT) characteristics
-----------------------------------------------------------------------------------------------

We next analyzed the relative EMT gene expression of the different cellular subpopulations or rectospheres. E-cadherin and EpCAM, which are both epithelial markers of colorectal mucosa, were highly expressed in the spheroids ([Figure 3a](#fig3){ref-type="fig"}). In addition, we detected the expression of vimentin, fibronectin, and *α*-SMA proteins, which are typical mesenchymal cell markers ([Figure 3a](#fig3){ref-type="fig"}).^[@bib25]^ Moreover, specific EMT-inducing transcription factors and marker proteins, including fibronectin, vimentin, *α*-SMA, Snail, and Slug were also upregulated based on qRT-PCR and western blot ([Figures 3b and c](#fig3){ref-type="fig"}).^[@bib25],\ [@bib26]^ To test whether CD44^+^CD54^+^ cells possess EMT potential, a transwell migration assay was performed. The migration assay showed that CD44^+^CD54^+^ cells had a higher migratory capacity compared with other subpopulations in different patient tumors ([Figure 3d](#fig3){ref-type="fig"}). Collectively, these results indicate that CD44^+^CD54^+^ cells carry epithelial and mesenchymal phenotypes with distinct expression patterns and potential EMT characteristics.

CD44^+^CD54^+^ rectal cancer cells possess strong tumorigenic capability *in vivo*
----------------------------------------------------------------------------------

As CD44^+^CD54^+^ cells carry self-renewal ability *in vitro*, we examined whether double-positive cells possessed self-renewal ability *in vivo* through serial transplantations.^[@bib7]^ First, the engraftment rate of different cellular subpopulations and different number of cells (100, 500, 1000, and 10 000 cells per mouse) was tested. We subcutaneously injected the indicated number of cells into nude mice and found that injection with as few as 100 purified CD44^+^CD54^+^ cells resulted in tumor formation after 4 weeks ([Figures 4a and b](#fig4){ref-type="fig"}). In contrast, one in five samples of 10 000 CD44^+^CD54^−^-injected mice formed tumors ([Figure 4b](#fig4){ref-type="fig"}). The other cellular subpopulations (CD44^−^CD54^+^ and CD44^−^CD54^−^) did not give rise to any xenotransplant tumors ([Table 1](#tbl1){ref-type="table"}). To determine whether the xenotransplant tumors initiated from CD44^+^CD54^+^ cells were serially transplantable, double-positive cell-generated tumor masses were harvested when the tumor diameters reached 1 cm and then transplanted again into nude mice (100 cells per mouse). We found that these cells ultimately generated tumors in secondary and tertiary recipients ([Table 1](#tbl1){ref-type="table"}). Hematoxylin and eosin staining showed xenograft tumors shared typical rectal cancer morphological features that were observed in the original tumor tissues surgically removed from human patients ([Figure 4c](#fig4){ref-type="fig"}). The immunostaining patterns of xenografts were also highly similar to the original human tumors ([Figure 4d](#fig4){ref-type="fig"}).^[@bib14]^

To investigate whether SFM cultures had acquired this novel phenotype not seen in the original tumor, we examined the expression of CD44 and CD54 in human rectal cancer tissue. Both markers were expressed in some of the dissociated cells from human samples ([Supplementary Figure S1c](#sup1){ref-type="supplementary-material"}). In addition, both CD44^+^CD54^+^ and CD44^+^CD54^−^ cells exhibited the ability to propagate tumors in xenotransplanted mice; however, double-positive cells produced bulky tumors in recipient mice more efficiently than single-positive cells ([Table 1](#tbl1){ref-type="table"} and [Figure 4e](#fig4){ref-type="fig"}). Taken together, these results indicate that CD44^+^CD54^+^ cells can initiate growth of rectal tumors that inherit the properties of rectal CICs and recapitulate the phenotypes of human primary tumors. Therefore, the self-renewal capability *in vivo* indicates that CD44 and CD54 are potential biomarkers for identifying R-CICs.

R-CICs are resistant to apoptosis induced by conventional chemical and targeted drugs
-------------------------------------------------------------------------------------

As CICs derived from various solid tumors have been shown to be resistant to chemotherapy,^[@bib6],\ [@bib7],\ [@bib20]^ we assessed the changes in expression of CD44 and CD54 after culturing rectospherical cells in medium with 5-fluorouracil (5-Fu), oxaliplatin, and cetuximab for 7 days. Cetuximab is a monoclonal antibody that targets epidermal growth factor receptor (EGFR) but exhibits better therapeutic efficacy in *k-ras* wild-type CRC. Therefore, we also examined EGFR expression and the *k-ras* mutation in tumor samples and different cellular subpopulations. The *k-ras* mutation was not detected in the samples assessed ([Figure 5a](#fig5){ref-type="fig"}), but the expression of EGFR was observed ([Figure 5b](#fig5){ref-type="fig"}). Following treatment with 5-Fu, oxaliplatin, and cetuximab, the fraction of CD44^+^CD54^+^ cells significantly increased ([Supplementary Figures S2a and b](#sup1){ref-type="supplementary-material"}) while the spheroids clearly decreased in number ([Supplementary Figure S2c](#sup1){ref-type="supplementary-material"}) compared with controls, indicating that this fraction may be resistant to these agents.

To further validate the resistance of R-CICs to chemotherapy and targeted drugs, we next treated the cellular subpopulations with different concentrations of 5-Fu, oxaliplatin, or cetuximab for 24, 48, or 72 h, respectively. The caco-2 cell line was used as a positive control owing to its high sensitivity to cetuximab.^[@bib27]^ We found that CD44^+^CD54^+^ R-CICs had the highest viability among all the treatment groups ([Figure 5c](#fig5){ref-type="fig"}) and displayed resistance to the chemotherapies at all the treatment periods tested (24, 48, or 72 h). Although the group treated with cetuximab showed the highest number of viable cells, low-dose cetuximab did significantly inhibit the growth of the other groups ([Figure 5c](#fig5){ref-type="fig"}). In particular, there were fewer viable cells in the CD44^+^CD54^−^, CD44^−^CD54^+^, and CD44^−^CD54^−^ cellular subpopulations at 72 h post treatment compared with 24 and 48 h ([Figure 5c](#fig5){ref-type="fig"}). Similarly, cellular apoptosis assays showed that R-CICs were resistant to apoptosis induced by the chemotherapeutics and cetuximab ([Figure 5d](#fig5){ref-type="fig"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

R-CICs are resistant to the conventional FolFox regimen and cetuximab therapy *in vivo*
---------------------------------------------------------------------------------------

To further investigate the effect of cetuximab, 5-fluorouracil/calcium folinate/oxaliplatin (FolFox), or FolFox--cetuximab on R-CICs, mice were transplanted with tumors derived from R-CICs, CD44^+^CD54^−^ cells, or caco-2 cells and then treated with the indicated agents ([Figure 6a](#fig6){ref-type="fig"}). When the xenotransplanted tumors reached 0.2 cm^3^ in diameter, the chemotherapeutic agents were injected into the mice. The results showed that the tumor growth rate derived from CD44^+^CD54^+^ R-CICs did not show a statistical difference in the different treatment groups relative to control, while CD44^+^CD54^−^ and caco-2 cells generated tumors at a significantly slower rate compared with control in different regimen ([Figure 6b](#fig6){ref-type="fig"}). The survival curves of mice derived from treatment and control groups showed that all mice carrying tumors generated from CD44^+^CD54^+^ R-CICs were not statistically different from controls and were killed within 120 days in all the regimens ([Figure 6c](#fig6){ref-type="fig"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Nevertheless, cetuximab, FolFox, and FolFox--cetuximab regimens did significantly increase the overall survival of xenografts derived from CD44^+^CD54^−^ and Caco-2 cells compared with control mice ([Figure 6c](#fig6){ref-type="fig"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Interestingly, either in group CD44^+^CD54^+^ or CD44^+^CD54^−^, the shortest overall survival occurred in the group treated with FolFox--cetuximab compared with FolFox or cetuximab regimens alone ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

We also frequently observed liver necrosis in mice derived from CD44^+^CD54^+^ R-CICs, but rarely in mice injected with CD44^+^CD54^−^ and caco-2 cells ([Supplementary Figure S4a](#sup1){ref-type="supplementary-material"}). Moreover, R-CIC and CD44^+^CD54^−^-injected mice treated with the chemotherapeutic treatments showed sustained weight loss, but mice injected with caco-2 cells did not ([Supplementary Figure S4b](#sup1){ref-type="supplementary-material"}). These results indicate that the traditional anti-cancer drugs commonly used in the clinic do not significantly kill R-CICs *in vivo* but induce overt liver toxicity and changes in body weight.

Discussion
==========

It is becoming more evident that only a small subset of cells in the tumor are capable of reproducing the malignant phenotype, named cancer stem cells or CICs, which are also considered to be involved in tumor progression, relapse, and therapeutic resistance.^[@bib7],\ [@bib20],\ [@bib28]^ Accumulating evidence suggests that proximal colon cancers differ in clinical, pathological, and molecular features from distal cancers.^[@bib29],\ [@bib30]^ Importantly, recent data suggest that the molecular features of tumors along the bowel subsites (rectum, rectosigmoid, sigmoid colon, descending colon, splenic flexure, transverse colon, hepatic flexure, ascending colon, and cecum) are different.^[@bib2]^ The gradual changes in CRC molecular features along the bowel may have considerable implications in colon and rectal CICs. Therefore, in the present study we identified rectal cancer cells expressing CD44^+^CD54^+^ that have the ability to self-renew *in vivo* and *in vitro*, form spheres, show rectal differentiation, and recapitulate tumor bulk.

Xenograft tumors generated from CD44^+^CD54^+^ rectal cancer cells were highly similar to the primary rectal adenocarcinoma based on morphology and immunostaining patterns, suggesting that CD44 and CD54 are potential R-CIC markers and, therefore, that the population of CD44^+^CD54^+^ rectal cancer cells contain CICs. The results also showed that the CD44^+^CD54^+^ population represents a small fraction of cells in the rectospheres, as the majority of sphere cells did not display CIC properties.^[@bib24]^ After induction, these spherical cells differentiated to rectal cancer cells expressing CK20 compared with rectospheres expressing Bmi1 and Lgr5, indicating that these spherical cells were undifferentiated. As the CD44^+^CD54^+^ cancer cellular population likely contains CICs, the remainder of the CD44^+^CD54^+^ subset of cells in the spheroids may represent progeny derived from the CICs in the spheres. In addition, we also found that all cellular subpopulations derived from spherical cells not only express epithelial features but also carry properties found in mesenchymal cells. Furthermore, the R-CICs, which have been involved in potential EMT behavior, were found in several solid CICs, including colon CICs.^[@bib24],\ [@bib31]^ Importantly, this subtype was found to be associated with poor prognosis of CRC patients.^[@bib32]^ As the R-CICs and their progenies possess mesenchymal phenotypes, cancer cells would have the ability to break through the structural constraints imposed by tissue architecture.^[@bib33],\ [@bib34]^ Thus the R-CICs with mesenchymal features provide a potential resource for rectal cancer recurrence and metastasis.

To the best of our knowledge, there have been no reports describing the exclusive expression of CD44 and CD54 in CICs of CRC aside from a publication by Cui *et al.*^[@bib35]^ Interestingly, numerous CIC markers that have been identified seem to have important roles on immunocytes, such as CD44,^[@bib17]^ CD13,^[@bib36]^ CD47,^[@bib37]^and CD24.^[@bib38]^ CD44 is a single transmembrane glycoprotein with cell--cell and cell--matrix interactions, and expression is regulated by the Wnt signaling pathway, which is thought to be crucial for maintaining intestinal stem cells.^[@bib39]^ CD44 is one of the most frequently described markers of CICs in numerous other malignancies and has been described as part of the signature of CICs from colon carcinomas.^[@bib22]^ CD54 (also called intercellular adhesion molecule-1) is a member of the immunoglobulin super-family and is widely expressed in tumors, stroma, and immune cells. Here, we show that CD44^+^CD54^+^ cells exhibit CIC capabilities in rectal cancer tissues, which is consistent with previous reports of these markers in gastric cancer stem cells.^[@bib23]^

CICs are defined functionally by their ability to initiate tumorigenesis. Thus the formation of a tumor from a transplant is a gold standard for CIC identification.^[@bib40]^ Our results confirmed the existence of a population of a self-renewing subset of CD44^+^CD54^+^ cells within human primary rectal adenocarcinoma tissues. These cells, although present at a significantly higher percentage in sphere cells compared with differentiated cells, represent only a small subset of cells able to form colonies *in vitro*. In serial transplantation assays, the CD44^+^CD54^+^ cell fraction showed a dramatically higher ability to form tumors than other cell subpopulations. In the double-positive cellular subpopulation, 100 cells could initiate xenograft tumorigenesis after subcutaneous injection. Our findings indicate that CD44^+^CD54^+^ cells possess the characteristics of CICs. Considering that only a fraction of CD44^+^CD54^+^ rectal cancer cells possess the ability of CICs, more specific markers are required to identify and isolate R-CICs for prediction of the outcome of rectal adenocarcinomas.

Although surgical resection of primary and metastatic disease is an option for some patients, the majority of rectal cancer patients cannot be eradicated by curative surgery and thus radio-chemotherapies serve as the mainstay of treatment.^[@bib41]^ Chemotherapy resistance of CICs has been described in a variety of epithelial malignancies, including breast,^[@bib42]^ head and neck,^[@bib43]^ and pancreatic cancer.^[@bib44]^ Our data showed that CD44^+^CD54^+^ cells are enriched and resistant to apoptosis after treatment with 5-Fu, oxaliplatin, and cetuximab, suggesting that CD44^+^CD54^+^ R-CICs have the ability to resist conventional chemotherapeutic and targeted agents *in vitro*. In contrast, the remaining non-CIC populations are easily killed by these drugs. Recent studies have shown similar data derived from colon cancer xenografts.^[@bib6],\ [@bib7]^ Dylla *et al.*^[@bib20]^ demonstrated that this was the only CIC population that remained following treatment with the cytotoxic drugs irinotecan and cyclophosphamide. Our study also showed that CD44^+^CD54^+^-initiated tumor-bearing mice not only demonstrated little benefit from conventional chemotherapeutic and targeted therapies but also suffer more side effects, including weight loss and liver toxicity, compared with CD44^+^CD54^−^- and caco-2-initiated tumor-bearing mice. These results indicate that traditional cancer therapies target rapidly dividing tumor cells but not CICs.^[@bib45]^ However, whether the effects of the R-CIC and conventional drug interaction induce more severe liver toxicity remains to be determined in subsequent studies. We also found that the shortest overall survival occurred in the combined FolFox--cetuximab treatment group compared with the groups receiving FolFox and cetuximab alone, indicating that a combination of FolFox and cetuximab do not prolong overall survival, even in patients with *k-ras* wild-type tumors. However, this treatment regimen is controversial in the treatment of metastatic CRC.^[@bib46],\ [@bib47]^ Thus our findings may explain the often-encountered clinical scenario, wherein tumors shrink or even transitorily disappear with chemotherapy followed by subsequent local recurrence or adapted growth at distal locations, which is hypothesized to be tightly linked with the biology of CICs.^[@bib48]^

In summary, we have shown that cancer-initiating potential exists in the rare CD44^+^CD54^+^ cellular subpopulation in rectal cancer and that conventional anti-cancer chemotherapeutics and targeted drugs cannot effectively eradicate CD44^+^CD54^+^ R-CICs. Current models of R-CICs and chemoresistance have implicated intrinsically drug-resistant CICs as the driving force behind tumor recurrence following therapy. Therefore, the molecular characterization of tumorigenic R-CICs is crucial in order to develop new therapeutic strategies.

Materials and Methods
=====================

Sample collection
-----------------

Tumor tissues were obtained from patients who underwent colorectal resection for primary colorectal adenocarcinoma at the Department of Gastrointestinal Surgery, West China Hospital, Sichuan University. Informed consent was obtained from all the patients who provided samples and the West China Hospital of Sichuan University Institutional Ethics Committees approved this study.

Drugs
-----

I*n vitro* experiments: oxaliplatin, 5-Fu, and calcium folinate were purchased from Sigma Co. (St. Louis, MO, USA). *In vivo* experiments: cetuximab (Erbitux), oxaliplatin, 5-Flu, and calcium folinate were purchased from the West China Hospital Pharmacy (Sichuan, China).

Cancer tissue disaggregation and primary cell culture of rectal CICs
--------------------------------------------------------------------

Cancer tissues collected from primary surgical specimens or mouse xenografts were immediately minced on ice, suspended in DMEM/F12 medium (HyClone, Logan, UT, USA), and dissociated with collagenase (Sigma). Enzymatically disaggregated suspensions were filtered and washed three times with phosphate-buffered saline (PBS). Contaminating blood cells were removed by incubation in ammonium chloride--potassium phosphate hypotonic buffer. The dissociated single tumor cells were placed under stem cell conditions in serum-free DMEM/F12 supplemented with human recombinant EGF (Peprotech, Rocky Hill, NJ, USA) and bFGF (Peprotech) and cultured on Ultra Low Attachment plates (Corning, Corning, NY, USA).

Flow cytometry and cell sorting
-------------------------------

Before flow cytometry analysis, the PE-cy7-CD45 and PE-CD31antibodies were added to the samples to deplete hematopoietic and endothelial cells. To minimize experimental variability and loss of cell viability, all experiments were performed on fresh tumor cell suspensions prepared shortly before flow cytometry. Spheres and differentiated cells were dissociated into single cells by Accutase (Invitrogen, Guangzhou, China). Antibody staining was performed in PBS supplemented with 0.1% bovine serum albumin (BSA). Cells were subsequently stained with antibodies at concentrations recommended by the suppliers. Antibodies used in this study include: anti-human CD10-PE/Cy7, CD13-APC, CD24-FITC, CD29-PE, CD31-PE, CD34-FITC, CD44-APC, CD45-PE/cy5, CD54-PE, CD58-PE, CD66-PE, CD71-PE, CD117-PE, CD133-APC, CD184-APC, CD326-PE/Cy5.5 (all the above antibodies were purchased from BD Biosciences, San Jose, CA, USA). After 30 min on ice, stained cells were washed of excess unbound antibodies, resuspended in PBS supplemented with 0.1% BSA, and dead cells were excluded by staining with 7AAD-PE/Cy5.5. Flow cytometry analysis was performed using a BD FACSAria cell sorter (BD Biosciences).

Immunohistochemistry, immunofluorescence and immunoblotting
-----------------------------------------------------------

Immunostaining analysis of cells and tumor specimens from mice or clinical patients was performed as described by Todaro *et al.*^[@bib6]^ Details of immunohistochemistry and immunofluorencent assay are provided in the [Supplementary Methods](#sup1){ref-type="supplementary-material"}.

Drug-resistant experiments *in vitro*
-------------------------------------

The different cell fractions (CD44^+^CD54^+^, CD44^+^CD54^−^, CD44^−^CD54^+^, and CD44^−^CD54^−^) from fluorescence-activated cell sorting (FACS)-sorted spherical cells were inoculated into 96-well plates (10 000 cells per well) in triplicate on the day before testing. Each well was supplied with SFM together with the indicated chemotherapy agent at different concentrations, such as 5-Fu, oxaliplatin, cetuximab, or solvent as a control. The number of viable cells was evaluated after 24, 48, and 72 h later, respectively, using the Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan) following the manufacturer\'s instructions. After 1--4 h, the percentage of cell growth was calculated by comparing the 450 nm readings from treated and control wells.

In apoptosis experiments, the sorted cellular subpopulation (CD44^+^CD54^+^, CD44^+^CD54^−^, CD44^−^CD54^+^, and CD44^−^CD54^−^) derived from spherical cells were cultured in six-well plates (200 000 cells per well) in triplicate on the day before testing. Each well was supplied with SFM together with the indicated chemotherapeutic agent (50 *μ*g/ml 5-Fu, oxaliplatin, or cetuximab) or solvent as a control. The treated cells were digested with free-EDTA trypsin and incubated with Annexin V and Propidium iodide (PI) following the supplier\'s instructions. Then cells were tested with a FACS Aria (BD Biosciences).

Xenotransplantation experiments
-------------------------------

Male or female nude mice (BALB/c strain), 4--6-weeks old, were purchased from the Beijing Experimental Animal Center of the Chinese Academy of Sciences (Beijing, China). Mice in this study were housed under pathogen-free conditions, and all animal studies were carried out according to the animal protocol approved by the Sichuan University Institutional Animal Care and Use Committee.

In all the experiments, a small aliquot of cells was set aside to confirm cell counts and viability using conventional techniques (i.e., trypan blue exclusion) or 7-AAD staining. Once cell counts and viability were confirmed, cells were diluted to appropriate injection doses, mixed with BD Matrigel (BD Biosciences) at a 1 : 1 ratio, and injected s.c. in nude mice on the ventral wall. Injected mice were euthanized when the established criteria for end-stage disease were reached. End-stage disease was defined as death, loss of grooming behavior, or when tumor reached a maximum diameter of 2 cm.

In drug therapy, male or female nude mice 6--8 weeks of age were injected s.c. with 2 × 10^4^ CD44^+^CD54^+^ cells, 1 × 10^5^ CD44^+^CD54^−^ cells, or 2 × 10^6^ caco-2 cells. Tumor-bearing mice were randomly grouped to initiate drug treatment until xenograft tumors reached a size of 0.2 cm^3^ and then mice were started on their respective treatment regimens (solvent, cetuximab, FolFox, or the combination of cetuximab and FolFox). The cetuximab dose for all experiments was 0.3 mg twice weekly for 4 weeks. The FolFox regimen is composed of 5-Fu (15 mg/kg/day for 5 days a week for 2 weeks), calcium folinate (20 mg/kg/day for 5 days a week for 2 weeks), and oxaliplatin (10 mg/kg once a week for 4 weeks). Equal volumes of sodium chloride (NaCl) or IgG was used as a control. Tumor volume measurements were evaluated by digital calipers and calculated by the formula (*π*)/6 × (large diameter) × (small diameter).^[@bib2]^ There were 4--5 mice in each treatment group. All drugs were administered by intraperitoneal (i.p.) injection. Mice were weighed and tumors were scaled weekly throughout the duration of the study. Progression of cancer was monitored, and mice were euthanized when the established criteria for end-stage disease were reached.

DNA/RNA extraction and real-time quantitative PCR
-------------------------------------------------

Total RNA of cells was extracted with a Trizol reagent kit (Takara Biotechnology Co., Ltd. Dalian, China) according to the manufacturer\'s protocol. Subsequently, reverse-transcription of RNA by PCR was performed using a Takara SYBR real-time PCR kit for target gene. Details of DNA/RNA extraction and PCR are provided in the [Supplementary Methods](#sup1){ref-type="supplementary-material"}.

Statistical analyses
--------------------

All the experimental data were expressed as means±S.D. and statistically analyzed. Differences in mean values between groups were analyzed by two-way ANOVA with repeated measures followed by Bonferroni\'s post-tests (*in vivo* experiments). Differences in mean values between groups were analyzed by one-way ANOVA with repeated measures followed by Tukey\'s post-tests (*in vitro* experiments). Survival data were analyzed by Kaplan--Meier and log-rank tests. Differences of *P*\<0.05 were considered significantly different. All statistical analyses were performed using the GraphPad Prism5 statistical software (GraphPad Software, Inc., San Diego, CA: USA).
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![The differentiation potential and tumorigenic capacity of rectospheres *in vitro*. (**a**) Example of tumor spheres generated from a human rectal cancer sample that were passaged twice and differentiated cell. Primary spheres: spheres directly generated from human tumor tissues. Secondary spheres: spheres representing the second passage of primary spheres. Bars=500 *μ*M. Differentiated cells: spheroids were induced by 20% fetal bovine serum. One representative of four independent spheroid cultures is shown. Bars=50 *μ*M. (**b**) Spheres were cultured in SCM and analyzed by immunofluorescence to detect the differentiation marker CK20 at different time points. Bars=50 *μ*M. (**c**) Immunofluorescent analysis using CK20 (red), CDX2 (red), CK7 (red), and DAPI (4,6-diamidino-2-phenylindole; blue) stains. One representative image of three different tumors is shown. (**d**) Bmi1 and Lgr5 expressed on cells from rectospheres (left panels) and rectosphere-derived differentiation progeny (right panels). Nuclei were counterstained by DAPI (blue). One representative experiment of three different tumors is shown. Bars=25 *μ*M. (**e**) The example shows that spheres cultured in SFM, but not in SCM, recapitulate tumors in nude mice. (**f**) Tumorigenic potential of tumor spheres after subcutaneous injection. Size of subcutaneous rectal carcinoma tumors generated from 10^3^ sphere cells and 1 × 10^6^ differentiated cells. Data are mean±S.D. of two independent experiments, each performed with cells from different donors (\**P*\<0.01; patients 9 and 15)](cddis2013337f1){#fig1}

![CD44^+^CD54^+^cells derived from rectospheres possess strong self-renewal capability. (**a**) Flow cytometry analysis of putative CIC markers on rectospheres and rectosphere-derived differentiation progeny in three independent experiments (patients 9, 11, and 15). (**b**) Immunofluorescence analysis using antibodies against CD44 (red) and CD54 (green) on cells from rectal cancer spheres (upper panels) and differentiated rectal cancer cells (lower panels). Nuclei were counterstained by DAPI (4,6-diamidino-2-phenylindole; blue). One representative image of two different tumors is shown. Bars=50 *μ*m. (**c**) Immunoblotting validation of stemness and differentiation gene expression in different cellular populations derived from two independent donors (patients 9 and 15). (**d**) Tumor sphere formation ratio derived from different number of CD44^+^CD54^+^, CD44^+^CD54^−^, CD44^−^CD54^+^, and CD44^−^CD54^−^ cells in SFM. Data are mean±S.D. of three independent experiments, each performed with cells from different donors (\*\**P*\<0.01; patients 9, 11 and 15). (**e**) Single CD44^+^CD54^+^ cell generated one sphere in culture (left upper panel). Phase-contrast microscopy representative images taken at different time points confirmed spheroid growth from single-sorted CD44^+^CD54^+^ cells. One representative experiment of two different tumors is shown](cddis2013337f2){#fig2}

![Rectal cancer sphere cells exhibit mesenchymal phenotypes. (**a**) Confocal images of rectospheres stained with antibodies against E-cadherin (green), EpCAM (green), fibronectin (red), vimentin (red), and *α*-SMA (*α*-smooth muscle actin; red). One representative image of two different tumors is shown. Bar=25 *μ*M. (**b**) Expression levels of mRNAs encoding E-cadherin, Snail, Slug, fibronectin, vimentin, and *α*-SMA in different cellular subpopulations were determined by real-time reverse transcriptase-PCR. Data are mean±S.D. of three independent experiments, each performed with cells from different donors (patients 9, 11, and 15). (**c**) Immunoblotting of EMT-related proteins from lysates of different cell populations isolated from rectospheres of two different patients (patients 9 and 15). (**d**) Migration capacity of different cellular subpopulations. Data are mean±S.D. of three independent experiments, each performed with cells from different donors (\**P*\<0.05; patients 9, 11, and 15)](cddis2013337f3){#fig3}

![CD44^+^CD54^+^ cells derived from rectospheres have the strongest tumorigenicity among the four cellular subpopulations. (**a**) Tumor-bearing mice derived from 100, 500, 1000, and 10 000 CD44^+^CD54^+^ rectal cancer cells and excised subcutaneous tumors. One representative experiment of three different tumors is shown. (**b**) Size of xenografts of CD44^+^CD54^+^ and CD44^+^CD54^−^ derived from rectospheres. Data are mean tumor size±S.D. of 3--5 tumors per group derived from three separate patients (patients 9, 11, and 15). (**c**) Hematoxylin and eosin analysis of a human rectal cancer section from the original human tumor and corresponding xenografts obtained after injection of sphere cells. Bars=100 *μ*M. Second and third xenografts: tumors were obtained from the first and second transplantation, respectively. One representative experiment of two different tumors is shown. (**d**) Immunohistochemical analysis of relative differentiation and putative R-CIC markers in tissue derived from original human tumor (left panel) and sphere-derived first xenografts (right panel). One representative experiment of two different tumors is shown. Bars=100 *μ*M. (**e**) Size of xenografts of CD44^+^CD54^+^ and CD44^+^CD54^−^ sorted from three rectal cancer tissues. Data are mean tumor size±S.D. of 3--5 tumors per group derived from three separate patients (\*\**P\<*0.01, \**P\<*0.05; patients 31, 32, and 33)](cddis2013337f4){#fig4}

![CD44^+^CD54^+^ R-CICs are resistant to chemotherapeutic agents and apoptosis *in vitro*. (**a**) Examination of *k-ras* gene mutation with sequencing, where codons 12 and 13 of exon 2 are wild type. One representative graph of three different tumors is shown. (**b**) Immunoblotting or immunohistochemical validation of EGFR expression in different cell populations derived from two independent experiments (patients 9 and 15). (**c**) Percentage of cell viability of different cellular subpopulations and caco-2 cells after treatment with 5-Fu, oxaliplatin, and cetuximab of different concentrations for 24, 48, and 72 h *in vitro*. Data are mean±S.D. of three independent experiments, each performed with cells from different donors (\*\**P*\<0.01, \**P*\<0.05; patients 9, 11, and 15). (**d**) Cell apoptosis percentage of different cellular subpopulations and caco-2 cells after treatment with 5-Fu, oxaliplatin, or cetuximab for 24, 48, or 72 h. Data are mean±S.D. of three independent experiments, each performed with cells from different donors (\*\**P*\<0.01, \**P*\<0.05; patients 9,11, and 15)](cddis2013337f5){#fig5}

![CD44^+^CD54^+^ R-CICs resist FolFox and cetuximab therapy *in vivo.* (**a**) The definition of CD44^+^CD54^+^ and CD44^+^CD54^−^ cellular populations in rectospheroids and the resultant purity after cell sorting. (**b**) Treatment of tumor-bearing mice generated from CD44^+^CD54^+^ R-CICs, CD44^+^CD54^−^, and caco-2 cells with cetuximab, FolFox, and cetuximab plus FolFox *in vivo*. Data are mean tumor size±S.D. of five tumors per group derived from two independent experiments from different patients. (^\#^*P*\<0.01, CD44^+^CD54^−^ compared with its control; \*\**P*\<0.01, \**P*\<0.05; Caco2 cells compared with its control). (**c**) Survival of tumor-bearing mice derived from CD44^+^CD54^+^ R-CICs (*P*=0.684, cetuximab; *P*=0.824, FolFox; *P*=0.207, FolFox--cetuximab), CD44^+^CD54^−^ (*P*=0.019, cetuximab; *P*=0.001, FolFox; *P*=0.067, FolFox--cetuximab), and caco-2 cells (*P*=0.003, cetuximab; *P*=0.003, FolFox; *P*=0.003, FolFox--cetuximab) treated with different regimens](cddis2013337f6){#fig6}

###### Transplantation efficiency of primary rectal cancer-initiating cells

  **Cases**                           **Cell dose**    **Cell subpopulation and (number of primary mice with tumors)/(total number injected)**   **Secondary**   **Tertiary**              
  ----------------------------------- --------------- ----------------------------------------------------------------------------------------- --------------- -------------- ----- ----- -----
  Patient 9                           100                                                        2/3                                                  1/5            0/5        0/5   3/3   3/3
                                      500                                                        3/3                                                  0/5            0/5        0/5   NA    NA
                                      1000                                                       3/3                                                  0/5            0/5        0/5   NA    NA
                                      10 000                                                     3/3                                                  0/5            0/5        0/5   NA    NA
  Patient 15                          100                                                        1/3                                                  0/5            0/5        0/5   3/3   3/3
                                      500                                                        3/3                                                  0/5            0/5        0/5   NA    NA
                                      1000                                                       3/3                                                  0/5            0/5        0/5   NA    NA
                                      10 000                                                     3/3                                                  0/5            0/5        0/5   NA    NA
                                                                                                                                                                                              
  *Cells from rectal cancer tissue*                                                                                                                                                        
   Patient 31                         10 000                                                     2/5                                                  0/5             NA        NA    NA    NA
                                      50 000                                                     4/5                                                  3/5             NA        NA    NA    NA
   Patient 32                         10 000                                                     2/5                                                  0/5             NA        NA    NA    NA
                                      50 000                                                     5/5                                                  2/5             NA        NA    NA    NA
   Patient 33                         10 000                                                     3/5                                                  0/5             NA        NA    NA    NA
                                      50 000                                                     4/5                                                  3/5             NA        NA    NA    NA

NA, not assessed

Different numbers of CD44^+^CD54^+^ and CD44^+^CD54^−^ cells derived from rectospheres and primary rectal cancer cells from freshly dissociated were implanted into the ventral wall of immunocompromised mice. A hundred CD44^+^CD54^+^ cells isolated from the xenografted patient specimen from the first transplantation were then injected into animals and monitored as above for the serial transplantation
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